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Abstract: Nowadays existing masonry buildings are frequently modified to satisfy liv-6 
ing demands. These modifications may require the addition of new windows or doors 7 
in walls of structural functionality. In engineering practice, such modifications are gen-8 
erally designed and verified for vertical loads while, for seismic loads, the changes in 9 
the walls’ structural behaviour are not yet fully understood. Consequently, current de-10 
sign may incorrectly estimate the in-plane response of the perforated walls. This paper 11 
presents an evaluation of the effects of the introduction of new openings in masonry 12 
walls under in-plane loads, by a numerical and experimental approach. Two parameters 13 
are considered for the numerical studies: opening size and eccentricity. The results show 14 
that the loss in stiffness and strength due to new openings are proportional to the open-15 
ing area and that the eccentricity might change the wall response going from rocking to 16 
shear dominant behaviour, depending on the load direction. 17 
 18 
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1 INTRODUCTION 26 
Fired clay brick is one of the most common materials used in Unreinforced Masonry (URM) build-27 
ings. These buildings are present in countries that have moderate to high earthquake hazard. The vast 28 
majority of the URM building stock of these countries was built before the introduction of seismic de-29 
sign recommendations and, nowadays, these buildings are continuously modified to satisfy new func-30 
tionalities. 31 
Street-level floors, for example, are now used as shops, restaurants or private garages. For their mod-32 
ification, new wide openings for windows or doors towards the street have been cut from originally solid 33 
walls (Figure 1). In addition, spaces on the upper floors are often transformed into modern residential 34 
apartments or working spaces. These transformations require new openings to connect adjacent com-35 
partments or to add new windows for more natural light. 36 
The problem emerges when these openings are made in structural walls. In fact, introducing new 37 
openings in URM shear walls and giving little attention to their position might lead to irregularities and 38 
create asymmetrical redistribution of forces when seismic events occur (Figure 2). Some international 39 
codes, such as the Italian Design Code (NTC 2018), refer to these types of interventions and suggest 40 
that they should be, if possible, avoided in existing unreinforced masonry buildings. When necessary, 41 
designers should guarantee that the initial stiffness and in-plane load carrying capacity of the wall with 42 
new openings must be equal to the original solid wall (§8.4.1 and §8.4.3 of NTC 2018), in order to 43 
prevent modifying the global seismic response. 44 
Thus, in order to design a suitable strengthening technique for such delicate interventions, designers 45 
should consider the changes in the structural behaviour of URM walls when new openings are made. In 46 
engineering practice, current calculations are based on the “equivalent frame” idealization, where the 47 
spandrel contribution is related to the pier's top boundary conditions. Two hypotheses are then available 48 
(Lagomarsino et al., 2013): i) the fixed-rotation boundary conditions at the pier ends, that correspond to 49 
the “strong spandrel – weak pier” idealization (assumed when very stiff lintels and Reinforced Concrete 50 
bond beams are present), and ii) the cantilever idealization, where a “weak spandrel-strong pier” is as-51 
sumed, i.e., spandrels are poorly connected to the piers and the hypothesis of null strength and null 52 
stiffness of the spandrel is adopted. However, evaluations about the performance of unreinforced ma-53 
sonry buildings carried out after the Emilia (2012) and L’Aquila (2016) earthquakes in Italy confirmed 54 
the important role of masonry spandrels. Consequently, several authors investigated how the contribu-55 
tion of the masonry spandrel affected the wall’s in plane behaviour (Cattari et al., 2008; Milani et al., 56 
2009; Graziotti et al., 2012; Beyer et al., 2012a, 2012b; Parisi et al., 2013, 2014; Rinaldin et al., 2014). 57 
They agreed that the spandrel’s contribution could be more relevant than the aforementioned two hy-58 
potheses, depending on its boundary conditions (based on brick arrangement, lintel type, the presence 59 
of ties or reinforced concrete bonding beams) and vertical load acting on the spandrel (which becomes 60 
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relevant in the case of irregular arrangements, and which is often the case in buildings with new open-61 
ings). 62 
New openings create a new spandrel-pier arrangement which may not always be located in line with 63 
old openings but in an unconventional position which creates a vertical irregularity in the building’s 64 
distribution of openings (Figure 1b) and loaded spandrels. Moreover, walls with new openings often 65 
include very stiff coupling lintels to satisfy vertical load requirements (e.g. made of steel or reinforced 66 
concrete) which are not supported by the quantitative evaluation of their effectiveness under horizontal 67 
loads. Walls with new openings with very stiff coupling elements and loaded spandrels can present a 68 
different nonlinear behaviour than walls with regular openings and weak elements, which are often pre-69 
sent in existing masonry buildings (Cattari et al., 2008, Lagomarsino et al., 2013). More research is 70 
therefore necessary, especially in the case of new openings, where a new spandrel might change the 71 
previous boundary conditions of the wall panel. In addition the sole action of cutting-out masonry ma-72 
terial can debilitate the surrounding masonry and, thus, diminish the pier performance under in-plane 73 
loads. Moreover, although it is certain that new openings reduce the in-plane stiffness and strength of 74 
the original solid wall, it is useful to provide information on the relationship between the opening size 75 
and stiffness/strength loss when seismic forces are applied. This can be done by considering the contri-76 
bution of the spandrel (which can be subjected to high vertical loads if the opening is located in an 77 
irregular position) and not only the performance of the idealized piers, as currently assumed in engi-78 
neering practice (see Pugi, 2010). 79 
This paper shows the results of a numerical study that was done to simulate perforated masonry walls 80 
subjected to monotonic in-plane loading. The numerical analyses herein presented have the aim of 81 
providing valuable information for the design of an URM brick wall specimen, built as a solid wall and 82 
then perforated and tested under cyclic in-plane loading. For the numerical study, different opening sizes 83 
and positions were considered with the aim of evaluating the changes in stiffness and strength of the 84 
walls with respect to the solid wall. The research presents spandrels fully loaded in the vertical direction, 85 
making the experimental wall specimen somehow different from the H-shape wall specimens tested in 86 
Beyer et al., 2012a; 2012b; Graziotti et al., 2012; Parisi et al., 2014; Rinaldin et al., 2014. The paper 87 
aims to contribute to what is already known about the role of a fully loaded spandrel in the overall wall 88 
specimen response and failure mode, considering real boundary conditions at the pier-spandrel joints. 89 
The experimental results were finally compared to the preliminary numerical results. Furthermore, it 90 
was possible to obtain a relationship between the opening area and the loss of stiffness and strength. 91 
Finally, the paper includes a short description of the cutting-out process in the chosen masonry wall 92 
specimen while a constant vertical load is applied, in order to reproduce the common practice of creating 93 
a new door. 94 
2 NUMERICAL MODELS 95 
To assess the effects of a new opening in a real solid wall, the present work uses the macro-modelling 96 
technique and the Total Strain Fixed Crack Model (TSFCM), available in the commercial Finite Element 97 
Program DIANA v10.1. For masonry models, a micro-modelling, a continuum orthotropic model or a 98 
mathematically homogenized technique is often used (Lourenço et al., 1998; Milani et al., 2006). How-99 
ever, these models require a substantial amount of data from specific experimental tests not yet available 100 
for the present stage of research activities. By using a non-reliable calibration of the parameters of these 101 
models, their predictive performance would be a trial and error process and would not be adequate for 102 
the main objectives of this research program at the present stage. 103 
Furthermore, the TSFCM has demonstrated to be capable of properly reproducing the experimental 104 
bearing capacity, load deformation response and failure mode of a solid wall, used as reference (SW-R), 105 
previously tested at the University of Brescia (Facconi et al, 2015). The suitable prediction of TSFCM 106 
is herein demonstrated by comparing the overall response obtained from this approach to that experi-107 
mentally measured and that determined from the numerical Disturbed Stress Field Model (DSFM). Fur-108 
thermore, other research works (Giardina et al., 2013; Medeiros et al., 2013; Allen et al., 2017; Ponte et 109 
al., 2018) have explored the potentialities of the fixed crack concept and have obtained fair approxima-110 
tions when compared to the experimental results. 111 
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2.1 Wall geometry  112 
The wall length (Lw), height (hw) and thickness (t) are the following: Lw=3140 mm, hw=2000 mm and 113 
t=250 mm. The wall is representative of a typical URM wall of an Italian building constructed between 114 
1900 – 1950 and reduced by a scale factor of 0.70 (in line with the maximum dimensions allowed by 115 
the available test setup). 116 
 117 
Models to study the influence of the opening area 118 
In this work, the opening area (OA) is defined as the ratio of the perforated area to the total wall area 119 
expressed in percentages. In this context, three models of increasing width and height were considered 120 
(Figure 3a): 121 
1) Model PW+L(sw): Perforated Wall with Lintel and a Small Window (OA= 8.5%);  122 
2) Model PW+L(lw): Perforated Wall with Lintel and a Large Window (OA= 21%); 123 
3) Model PW+L(dc): Perforated Wall with Lintel and a Door Centred (OA=19%).  124 
Models to study the influence of the opening position 125 
The eccentricity (xe) of the wall is defined as the distance between the door and the centre of the wall 126 
of geometry (x0) divided by half the length of the wall (expressed in percentage). Herein, three possible 127 
locations for the door opening are modelled (Figure 3b): 128 
1) Model PW+L(dc): wall with a centred door. For this model eccentricity e=0% since the door 129 
and wall centre are aligned. 130 
2) Model PW+L(d25e): wall with an eccentric door of xe=25%. 131 
3) Model PW+L(d50e): wall with an eccentric door of xe=50%. 132 
The geometry of these models is summarized in Figure 3 and Table 1. 133 
2.2 Mesh, constraints and loading conditions 134 
Quadrilateral isoparametric 8-node plane stress finite elements of about 70 mm in size and 2x2 in-135 
tegration points (i.p.) according to the Gauss-Legendre integration technique are used (Figure 4). Mesh 136 
sensitivity analyses were carried out in a previous research (Ona, 2018), where the results showed mesh 137 
independency for a crack bandwidth (h) defined as the square root of the total area of the element (Diana 138 
TNO User’s Manual, 2016). 139 
The walls were modelled as cantilever beams with the nodes at the base line horizontally and verti-140 
cally restrained (Figure 4). The masonry properties are shown in Table 2. At the top of the opening a 141 
lintel was modelled as a linear elastic material with a Young Modulus (Ec) of 27000 MPa and Poisson 142 
coefficient (c) of 0.20. The lintel elements were the same plane stress elements used for masonry ma-143 
terial and were in perfect contact with the masonry wall (interfaces were not used). The concrete beam 144 
(with Ec=30000 MPa and c =0.20), used in the laboratory to uniformly distribute the load along the 145 
wall specimen, was also modelled as a linear elastic material perfectly connected to the masonry wall. 146 
Loads were applied in two phases: 147 
• Phase 1) application of a distributed pressure of 0.32 MPa (250 kN of vertical load); 148 
• Phase 2) application of a monotonic increasing horizontal displacement. 149 
The vertical load of Phase 1) is representative of a two-storey house; a monotonic loading was cho-150 
sen instead of the cyclic loading because the simulations aimed to capture the walls lateral capacity, 151 
initial stiffness and possible failure mechanisms. The evaluation of the energy dissipation or sharp re-152 
production of the experimental load-displacement hysteresis curves were not within the frame of this 153 
work. 154 
2.3 Material properties and constitutive relations 155 
The inelastic deformation of masonry in compression was simulated by a parabolic stress-strain re-156 
lationship that includes a softening stage (Figure 5a), while the fracture mode I propagation was 157 
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modelled by the exponential curve proposed by Hordjik, 1991 (Figure 5b). Crack bandwidth h used to 158 
assure mesh objectivity was defined as the square root of the total area of the element, as suggested in 159 
Diana TNO User’s Manual, 2016. The post-cracked shear stiffness, (Gcr=  G), was simulated by an 160 
almost-zero value of the shear reduction factor (= 0.01 to avoid numerical inconsistences). This  value 161 
is suitable for model brittle ceramic materials such as masonry, where the aggregate interlocking effect 162 
is significantly reduced and, consequently, almost-zero shear stresses are transferred upon cracking 163 
(Rots and Blaauwendraad, 1989). 164 
The remaining values that characterize the material properties were taken from the available exper-165 
imental data and recommendations from the literature. To verify the applicability of these properties 166 
when using the TSFCM, the numerical results of the TSFCM were validated against the experimental 167 
envelope of the SW-R cyclic in-plane test and against the numerical curve obtained by Facconi, 2013 168 
using the Disturbed Stress Field Model for Unreinforced Masonry (DSFM-URM). 169 
The major difference between the TSFCM and the DSFM in the context of modelling URM is 170 
mainly restricted to the simulation of the compression behaviour. The compressive constitutive law for 171 
the TSFCM considers the material as an isotropic continuum; therefore, the elastic behaviour depends 172 
on one value of the Young Modulus and Poisson coefficient. The DSFM-URM on the other hand con-173 
siders the orthotropy of masonry from its elastic branch and the Young Moduli in two directions (-x and 174 
-y). The DSFM-URM is an advancement of the DSFM initially developed for reinforced concrete (Vec-175 
chio, 2000) and it is based on the Ganz failure criterion. Further details about this model and its formu-176 
lation may be found in Facconi, 2013.The values of the parameters used in this paper are indicated in 177 
Table 2. 178 
2.4 Model validation 179 
The envelope of the experimental cyclic curves and the numerical response of SW-R are compared 180 
in Figure 6, where very good agreement is verified. In particular, the ultimate displacement predicted 181 
by the TSFCM (at 6.49 mm, which corresponds to the last converged step) is closer to the experimental 182 
value (of 4.98 mm) than the DSFM-URM model (10.35 mm). 183 
Figure 7 shows the numerical and the experimental crack patterns at different values of the horizontal 184 
displacement. In the TSFCM, crack width is estimated as the product of the crack tensile strain and 185 
crack bandwidth h. A good agreement can be observed between experimental and numerical crack pat-186 
terns. At a displacement of 0.7 mm a sliding crack started to develop (Crack A) while at a displacement 187 
of 2.95 mm (drift=0.15%) the right toe of the wall started to crush. Finally, a diagonal crack (Crack C) 188 
formed along the wall. These cracks evolved until the end of the test. As observed experimentally, di-189 
agonal and sliding cracking were the main failure mechanisms predicted by the numerical model. 190 
3 NUMERICAL RESULTS  191 
In this section, the influence of the opening size and the opening position of the models described in 192 
Figure 3 are presented. The material parameters, FE mesh and boundary conditions were the same as 193 
SW-R. The analyses were stopped when no further convergences were found for small tolerances based 194 
on energy and displacement convergences (0.001 and 0.01 respectively), in line with model SW-R. The 195 
vertical load was imposed in force control while the lateral load was applied in displacement control 196 
with a maximum and minimum load step-size of 0.05 and 0.01, respectively. The analyses were solved 197 
by using the modified Newton Raphson method. 198 
3.1 Influence of the opening size 199 
From Figure 8, the decrease in percentage of Shear Strength (V) and stiffness (K), when creating an 200 
opening with a vertical axis coincident with the geometric centroid of the wall (i.e., eccentricity=0), 201 
seems to be framed in the following intervals: 202 
1.5 OA ≤ V ≤ 2.0 OA    (1) 203 
2.1 OA ≤ K ≤ 2.5 OA   (2) 204 
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where, OA is the opening area expressed in a percentage (Table 1), K and V are the variation of 205 
in-plane stiffness and shear strength, respectively, and expressed in a percentage. The initial stiffness K 206 
is evaluated at a wall displacement of 0.25 mm in the load-displacement curve shown in Figure 8. The 207 
results of model PW+L(dc) will be compared against the first cycles of the experimental load-displace-208 
ment curve shown in Section 5. 209 
Figure 8, shows that the stiffness decreased with increasing length of the opening span. Larger open-210 
ing spans entail slender piers. Since the pier stiffness is dependent on the pier cross section, the shear 211 
load-lateral displacement curves are in line with this concept. 212 
Figure 9 presents the principal stresses and strains at the last step of the analyses showing a mixed 213 
behaviour for walls SW-R, PW+L(sw) and PW+L(dc): the compressive strut started from the loading 214 
point and flowed through the spandrel and lintel to the opening’s right corner and finished at the right 215 
toe of the right pier. The concentration of compressive stresses at the wall toe and the compressive strut 216 
generated tensile stresses along the pier diagonal, which induced cracks along the strut in later steps. 217 
The vertical tensile stresses were generated on the left side of the wall when the wall was being pushed 218 
and therefore created the typical flexural bed-joint cracks. In wall PW+L(lw), the tensile stresses were 219 
concentrated orthogonal to the diagonal strut on the right pier, indicating dominant shear behaviour. 220 
3.2 Influence of the opening position 221 
The results of the previous section indicate that the loss in stiffness due to new openings is propor-222 
tional to the opening width. In the present models with a door having an opening area OA=19% (Figure 223 
4, right column), the decrease of lateral wall stiffness was approximately equal to varies between -41% 224 
and -45% for a centred door PW+L(dc) and for an eccentric door PW+L(d50e) in the negativein both 225 
loading directions, respectively. The results are in line with Equation 2 (Section 3.1)”. Furthermore,  226 
Iin these models, the loss of initial stiffness (calculated at lateral displacement =±0.25 mm) seems 227 
to be independent of the location of the opening. Although this might be true for the two eccentricity 228 
ratios and for the typology of the wall studied herein, the present results are in lineconsistent with the 229 
results obtained by Billi et al., (2018), who found a stiffness reduction of about 50% for non-centroidal 230 
openings (of similar OA%) with eccentricity percentages between 30%-50%. The in-plane strength re-231 
duction also seems to be influenced by the load direction. Therefore, the results are evaluated in both, 232 
positive (+x) and negative (-x) loading directions. Figure 10 shows the load-displacement curves of the 233 
models and indicates that the response is governed by mixed behaviour. The principal stresses and 234 
strains (Figure 11-12) confirm this behaviour and indicate that collapse is governed by the simultaneous 235 
occurrence of excessive compressive deformation in the strut and by the formation of macro diagonal 236 
cracks in the same critical zone. 237 
The particular response of wall PW+L(d25e) in the negative direction should be observed. It shows 238 
a brittle response at a displacement =-4.5 mm due to a dominant shear behaviour evident in Figure 11 239 
where the tensile strains along the diagonal of the left pier are shown. The shear dominant behaviour is 240 
typically characterized by smaller values of ultimate displacement than a rocking dominant behaviour. 241 
Therefore, the numerical curve of PW+L(d25e) in the (-x) load direction is in line with the failure mech-242 
anism of the wall. 243 
From the principal stresses and strains presented in Figures 11 and 12, one can observe, that the stress 244 
flows from the load point of application, through the spandrel to the opposite bottom corner. In a solid 245 
wall, the stress flows along the diagonals of the rectangular or square shape of the wall (Figure 9a). 246 
Conversely, in walls with openings, the opening represents a discontinuity for the stress flow and thus 247 
concentrates the compressive strut along the pier opposite to the load point of application. 248 
The principal strains from Figure 11 also indicate that the cracks of model PW+L(d25e) are fairly 249 
symmetrical in the (+x) and (-x) load direction, suggesting dominant shear behaviour. For model 250 
PW+L(d50e), the principal strains in the (+x) direction indicate mixed flexural-diagonal crack behav-251 
iour, while in the (-x) direction they indicate dominant flexural behaviour. 252 
The aforementioned results are in line with the analytical models available in the literature. The shear 253 
capacity of a masonry wall when diagonal cracking occurs is determined by Equation (3) according to 254 
the formulation of Turnšek and Cacovic, 1970: 255 
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 𝑉𝑚𝑎𝑥,𝑑 =





)  (3) 256 
where: m=mean vertical pressure acting on the wall, Lp=pier length, t=wall thickness, ft= tensile 257 
strength, b =1.5 for walls with a height-to-length ratio of h/Lp≥1.5, b= h/Lp for 1.0< h/Lp <1.5 and  258 
b =1.0 for h/Lp ≤1.0. Since walls are assumed as cantilever beams and for simplicity, h=hw herein. 259 
When assuming constant material properties, wall thickness and vertical load in Equation (3), the 260 
diagonal shear strength becomes dependent on the masonry pier length (Lp). This means that the wider 261 
the pier, the higher the wall shear capacity, which is in line with the trend of the V- curves shown in 262 
Figure 10. As far as the stiffness strength is concerned, Figure 10 shows thatFurthermore, it should be 263 
noted that the loss of stiffness strength of walls PW+L(d25e) and PW+L(d50e) in the negative load 264 
direction is greater (-4537% and -46%, respectively) if compared with the positive one (-1041% and -265 
18%). This difference can probably be attributed to the position of the door opening: when the eccen-266 
tricity of the door is opposite to the load direction, the system can benefit from the activation of a com-267 
pressive strut in the larger pier. On the contrary, when pushing toward the negative direction, the 268 
resisting mechanism mainly relies on the flexural behaviour of the two piers, as shown by the pattern of 269 
the principal stress and strain in Figure 11 and Figure 12. 270 
4 IN-PLANE TEST OF A WALL WITH CENTRAL DOOR OPENING 271 
Because door openings are one of the most typical local intervention in two-storey dwellings, this 272 
configuration was selected for the following experimental test. The centred position was preferred to 273 
reduce further uncertainties in the experimental program. The brick type and bonding pattern are similar 274 
to the solid wall of reference SW-R (Facconi et al., 2015). However, differences in the mechanical 275 
properties of the masonry used herein and the one used by Facconi et al. (2015) are possible. The out-276 
comes of this test will be later compared against the numerical results. 277 
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4.1 Materials, geometry and vertical load 278 
The solid brick geometry (240 mm x 110 mm x 50 mm), the mortar, the wall overall dimensions, the 279 
average vertical pressure and testing conditions were similar to the ones used in Facconi et al. (2015), 280 
in order to be able to compare the results between solid wall SW-R and perforated wall PW+L(dc). The 281 
opening geometry and position were equal to model PW+L(dc) of Section 2.1. The cutting-out process 282 
and the following in-plane test were both carried out under a constant vertical load of 250 kN, repre-283 
sentative of the force acting on the ground wall of a two-storey masonry building. This load corresponds 284 
to a distributed pressure of 0.32 MPa (v), which is equal to 5.3% of the masonry compressive strength. 285 
The load was applied by a vertical hydraulic jack (Figure 13a) and was distributed through steel beams 286 
placed on the top of a concrete beam. The vertical jack was self-balanced with a beam rigidly anchored 287 
to the laboratory strong floor by means of two hinged vertical steel bars. 288 
4.2 Cutting-out process for the new opening 289 
The vertical pressure applied by the hydraulic jack was manually maintained constant during the 290 
cutting-out process in order to better simulate the real practice when creating a new opening. Prior to 291 
the perforation process, a diamond grinding disk was used to cut two straight vertical lines of 1400 mm 292 
inside the wall. After this process and before removing all the bricks from the future opening, a tempo-293 
rary support over the forthcoming door was installed to avoid a possible collapse (Figure 13a).In fact, 294 
four props were placed on each side of the wall to shore up a beam installed in the wall thickness (Figure 295 
13b). Later, the bricks were removed, one by one, by means of a hammer drill and a masonry bit that 296 
was used to drill holes in the mortar between the bricks. After drilling, the mortar became softer and the 297 
bricks could be easily removed from the wall; therefore, no excessive workforce was needed and possi-298 
ble damage due to excessive vibrations was prevented. 299 
The structural lintel, composed of two steel profiles HEA120, was designed according to recommen-300 
dations from the Technical Notes on Brick Construction, BIA-31B, 2011 and DIN-1553, 1952. The two 301 
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steel profiles were connected by two M12 threaded rods, one on each side of the lintel, which was fixed 302 
to the wall with a surrounding mortar having a compressive strength of fc=20 MPa (Ona, 2018). The 303 
bedding area was 170 mm x 250 mm. Once the mortar had dried, the masonry in the bottom of the lintel 304 
and the supporting props were removed. This perforation process guaranteed a partial re-distribution of 305 
vertical stresses, forming the natural arching action in masonry walls with openings (Figure 14a). After 306 
the cutting-out process, some small cracks at the spandrel level were observed (Figure 15b); moreover, 307 
a crack along the wall mortar bed-joint, at the base of the right pier, was noticed after the intervention 308 
(Figure 15c). This crack was probably caused both by small natural eccentricities of the vertical load 309 
and by the settlement of the new pier when fixing the wall base to the laboratory strong floor with tensile 310 
bars (Figure 14b). 311 
4.3 Test set up 312 
The wall was tested by applying variable horizontal cyclic displacements through a concrete top 313 
beam at the top of the wall and an electromechanical jack having a 500 kN capacity, fixed to a reacting 314 
steel braced frame already used in former experimental research (Facconi et al., 2015; Messali et al., 315 
2017). As shown in Figure 16, the jack was connected to the steel loading plate 1 which pushed the 316 
loading cell and the Reinforced Concrete (RC) distributor top beam towards the right (positive loading 317 
direction). A steel bar running through the mid-section of the RC beam was connected to steel plate 2, 318 
which pulled the wall towards the left (herein assumed negative loading direction). The lateral displace-319 
ment history used is shown in Figure 17; three full cycles were applied up to a lateral displacement of 320 
about 6.0 mm, corresponding to a drift of about 0.4%. Afterwards, the axial load was increased to 321 
400 kN (v =0.51 MPa) before continuing the cyclic loading. This second part of the test is found else-322 
where (Ona, 2018). 323 
The wall was instrumented with Linear Variable Differential Transformers (LVDT) and potentiom-324 
eters used to register the wall deformations and the crack opening. The four (more relevant) instruments 325 
used are shown in Figure 16: LVDT H1 recorded the lateral displacements of the wall with reference to 326 
the laboratory strong floor; LVDT H2 recorded possible slippage between the concrete foundation and 327 
the laboratory strong floor; LVDT V1 and LVDT V2 recorded any rotations of the concrete basement. 328 
Further instruments were used to measure the bed-joint crack opening (LVDTV3, V4, V5, V6), possible 329 
flexural or shear mechanisms on and spandrel (D1 - D6) and piers (D7 - D10). Further details can be 330 
found in (Ona, 2018). 331 
The lateral displacement of wall () and drift (dr) are determined as: 332 
𝛿 = (𝛿𝑥,𝐻1 − 𝛿𝑥,𝐻2) − (
𝛿𝑦,𝑉1−𝛿𝑦,𝑉2
𝐿𝑉1−𝑉2




∙ 100      (5) 334 
where x,H1, x,H2, y,V1,  and yV2 are the displacements measured by the LVDTs H1, H2, V1 and V2 re-335 
spectively; LV1-V2 and h’= HH1 -H2  are the horizontal and vertical distance between the measurement de-336 
vices (H1-H2 and V1-V2 and H1-H2), as shown in Figure 16. 337 
5 EXPERIMENTAL RESULTS  338 
5.1 Load carrying capacity 339 
The wall response was dominated by flexural behaviour, initiated by horizontal (bed-joint) cracks 340 
along the base of both piers and followed by severe damage at the spandrel level. At the end of the test 341 
(=6 mm, dr=0.40 %), a diagonal (stair-stepped) crack formed at the pier-spandrel while the flexural 342 
bed-joint cracks were noticeable along the pier (whole) cross section. The overall lateral force-displace-343 
ment curve is plotted in Figure 18, which shows a small difference in the initial elastic stiffness (Ke): for 344 
positive displacements Ke+=+101 kN/mm while for negative displacements Ke-=-125 kN/mm (both 345 
measured at =+/-0.25 mm). Although the opening was positioned symmetrically, the bed-joint cracks 346 
observed after the perforation process (see Section 4 and Fig. 15b) and prior to the in-plane test contrib-347 
uted to this asymmetric response. When loading the wall towards the positive direction, pre-test 348 
cracks were located at the base ofin the compressive strut of pier 2 , thus impaireding the 349 
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stiffness the wall with respect to the negative direction. Figure 18 shows a less resistant response 350 
in the positive direction with respect to the negative with a peak shear load of 129 kN and 351 
175 kN, respectively. While in the negative direction the wall exhibited a flexural failure mech-352 
anism was governed by the flexural behaviour reaching a peak load close to upper limit of the 353 
rocking behaviour (187 kN), in the positive direction the wall behaviour was governed by mixed 354 
flexural-shear mode failure with the onset of shear damage in the pier 2, thus limiting the wall 355 
capacity, as also discussed in the following section. 356 
5.2 Cracking patterns 357 
The final crackscracking patterns from the experimental test are schematized in Figures 19. The 358 
cracks started developing at a lateral displacement () of 1 mm (dr=0.05%). The first cracks were hori-359 
zontal and were observed along the base and at the middle height of pier 2. A diagonal crack along pier 360 
1 started from the left corner of the lintel and continued to develop for the next cycles until dr=0.25% 361 
(Fig 19a). The propagation of the crack at the middle height of pier 2 continued until the end of the test 362 
(dr= 0.40%). At this displacement, the crack reached the bottom corner of the steel lintel. Cracks at the 363 
base of piers 1 and 2 started at dr=0.05% and finished at dr=0.25%. The spandrel developed a mixed 364 
flexural-shear failure, with vertical cracks at the end of the lintel and stair-stepped shear cracks in the 365 
spandrel. It was observed that the cracks were symmetrical when comparing the front and back views, 366 
while a certain amount of asymmetry was evident when comparing cracks from pier 1 to pier 2. This 367 
asymmetry seems to be consistent with the behaviour observed in the hysteresis shown in Figure 18, 368 
where the wall seems to be stiffer in the negative load direction and more flexible in the positive load 369 
direction with also larger residual displacements. The reason for this asymmetry might be related to the 370 
natural heterogeneity of masonry and the pre-test bed-joint cracks observed along the pier 2 (Figure 14b 371 
and 15b) which tend to close when the load acts in the positive direction, thus impairing the flexural 372 
stiffness of the pier 2. On the contrary, in the negative direction, the pre-test cracks are discontinuities 373 
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which grow with the application of the in-plane load without affecting the behaviour of opposite pier 1 . 374 
In fact, the first crack observed during the test (at =1.0 mm, in Figure 19a), developed along the plane 375 
of the bed-joint crack of pier 2. Similar cracks are possible during a real intervention in a masonry wall 376 
(which is loaded) and can create further planes of weaknesses that are unfavourable for the wall’s 377 
strength and stiffness, which are both already reduced due to the new opening cut. 378 
Finally, the instruments placed on the diagonals of both piers allowed to measure their angular de-379 
formation, evaluated as the sum of the strains along the diagonals. As shown in Figure 19d the measured 380 
shear deformation of pier 2 for positive drift was as twice as great the angular deformation of pier 1 for 381 
the negative direction. This experimental evidence proves the possible onset of micro-shear damage in 382 
the pier 2 along with flexural cracks at the base of the piers and diagonal/flexural cracks in the spandrel. 383 
It should be also observed that the measured shear damage which was not clearly eye-visible when the 384 
test terminated. 385 
Based on the formulations proposed by Giordano et al., 2006 it is possible to identify two collapse 386 
mechanisms for this wall (these formulations are mainly based on the masonry wall geometry). The 387 
obtained results are in agreement with the experimental cracks observed after the test, as shown in Fig-388 
ures 19b,c, where the two possible mechanisms are highlighted. It is then concluded that the wall re-389 
sponse involved mainly rocking of both piers with flexural and shear cracks in the spandrel, sliding at 390 
mid-height of Pier 2 and moderate shear-damage in the pier 2. 391 
5.3 Solid Wall vs Wall with an opening 392 
In Figure 20, the experimental positive and negative envelope curves from cyclic loading on 393 
PW+L(dc) are compared against the experimental curves obtained from the reference Solid Wall (SW-394 
R) tested in Facconi et al. (2015). Since SW-R had similar dimensions to PW+L(dc) (3070 mm x 395 
2170 mm x 250 mm) and was tested under the same set-up and loading conditions, a comparison be-396 
tween the lateral load-displacement curves and crack patterns is possible. 397 
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From Figure 2120, it is observed that PW+L(dc) is much more deformable than SW-R. This is sum-398 
marized in Table 3 where the elastic stiffness is measured at a wall displacement () equal to 0.25 mm 399 
(in positive and negative directions). PW+L(dc) presents an average (from the +x and -x direction) re-400 
duction of the initial stiffness (with respect to the SW-R) of about 45%. Similarly, the average peak load 401 
decrease is about 22%; these values are in line with the numerical prediction described in Section 4.1 402 
and Equation (1) and (2). 403 
It is worth noting the difference in the wall’s response when the horizontal jack was pushing or 404 
pulling the wall. This variation can be mainly attributed to the bed-joint crack on pier 2, formed after 405 
the perforation process, thus prior to the in-plane test. When pushing the wall, the shear strength in-406 
creased only when the bed-joint crack width was completely closed; this caused a change in the slope 407 
of the cycles in the positive load direction that was not observed for the negative cycles. Since bed-joint 408 
cracks were not observed in the left pier, it is reasonable to think that the wall response in the negative-409 
load direction is stiffer and the peak load attained may be higher than in the positive direction. 410 
Finally, from the cracks observed in solid wall SW-R (Figure 6) and in the wall with an opening 411 
(Figure 19), one can note that the failure mechanism changed from mixed flexural/diagonal cracking to 412 
flexural combined with shear damage in the spandrel and the right pier for positive direction and flexural 413 
behaviour for the negative one.a rocking behaviour with a lower lateral resistance. 414 
5.4 Experimental vs Numerical results 415 
The numerical and experimental load-displacement curves of PW+L(dc) and SW show that the loss 416 
in stiffness (about equal to 401% and 45%, respectively) due to the new centred opening is proportional 417 
to the opening width area (OA=19%), as already discussed in Section 3.1. In the present models (Figure 418 
4, right column), the opening area is constant (OA=19% in all cases), and the drop in stiffness is 41%, 419 
which is in line with Equation 2 (Section 3.1). Since the cyclic envelope curve was not symmetric in the 420 
positive and negative loading directions (due to the bed-joint crack on pier 2), the numerical simulation 421 
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was not capable of capturing the influence of the pre-damage caused by the cutting process on the wall’s 422 
response (Figure 20). 423 
In the numerical simulations, these pre-existing cracks were not considered, since this would require 424 
the implementation of interface finite elements, with detrimental consequences in the complexity of the 425 
mesh and computing time. Furthermore, and this is even more important, it would be too difficult to 426 
have a reliable procedure to define the constitutive laws of these interface finite elements. Therefore, 427 
the authors decided not to include the pre-damage in the numerical simulations, even though they are 428 
aware of the fact that these assumptions may have consequences on the accuracy level of the simulations. 429 
One of these consequences is the crack pattern, since the pre-existing crack at the bottom of Pier 2 430 
transformed into a macro-crack. Instead, numerical simulations promoted the prediction of a diagonal 431 
shear failure crack because the pre-existing macro-crack was not modelled. The critical analysis of the 432 
performance of the numerical simulations should focus on the stiffness degradation, as well as on the 433 
load carrying capacity during the imposed displacement process, and in this regard, the simulations can 434 
be considered quite satisfactory. 435 
The initial stiffness (at  =0.25 mm) and ultimate displacement were predicted with fair accuracy by 436 
the numerical model. For a better approximation of the stiffness degradation (from  =0.25 mm to 437 
 =2.3 mm) and the in-plane strength, numerical simulations could include an interface to simulate im-438 
portant cracks observed during/after the cutting out process or could reduce the Young Modulus in the 439 
case of several small cracks distributed along piers or spandrel. Figure 21 shows the numerical and 440 
experimental crack pattern for wall specimen PW+L(dc); it can be observed that the model is able to 441 
capture flexural cracks (bed-joint cracks along wall piers), spandrel damage and cracking at the lintel 442 
corners. rFurthermore, the numerical model shows an evident  diagonal crack along pier 2 which was 443 
not clearly visible  during the experimental test. However, the higher shear deformation of pier 2 with 444 
respect to pier 1 measured during the test (Fig. 19d) may prove the onset of shear damage in pier 2 as it 445 
is shown by numerical analysis. 446 
Two hypotheses are proposed for the inaccuracy of numerical model PW+L(dc) in the prediction of 447 
the diagonal crack:  448 
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Hypothesis 1) since the experimental test was stopped before collapse (at =6.7 mm), with the aim of 449 
carrying out a second test under a 400 kN vertical load, this diagonal crack did not occur as a secondary 450 
damage event during this test. The feedback for this hypothesis is in line with the statement of Magenes 451 
and Calvi, 1997: “in case of a pure flexural response, i.e., of a potential rocking response, very large 452 
displacements can theoretically be obtained without significant loss in strength, especially when the 453 
axial load is low compared to the compressive strength of masonry. These large displacements can be 454 
limited by a second collapse event”. In this case, the secondary event could have been the diagonal crack 455 
if the test had been subjected to larger displacements. This hypothesis is proposed only for this wall as 456 
its difference between rocking and shear limit resistance is very small when calculated as follows: the 457 
rocking resistance is calculated from simple equilibrium: 𝑉𝑟 =
𝑃𝑣 𝐿
2 𝐻0
 = 187 kN where Pv=250 kN is the 458 
vertical load applied, L =3150 mm and H0=2100 mm are the length and height of the wall respectively 459 
(see Figure 16), while the shear capacity is calculated from Eq. (3) and is equal to 198 kN (assuming the 460 
contribution of the lintel in coupling the piers and the effective height and length equal to the wall’s total 461 
height and length). 462 
Hypothesis 2) the lintel embedded length in the masonry wall (about 170 mm depth) improves the in-463 
plane wall stiffness by strengthening the spandrel. However, it also divides the piers at their mid-height. 464 
After the local intervention, a bed-joint crack at the mid-height of the right pier (front view) was ob-465 
served for a second specimen (not shown herein). It cannot be excluded that this crack might have oc-466 
curred in Specimen PW+L(dc) too, since the construction and perforation conditions were similar for 467 
both specimens. In fact, one of the first cracks that developed during the in-plane test was observed at 468 
mid-height of this right pier (Crack C, in Figure 19a). This crack along with the crack at the base (Figure 469 
14) represent planes of weakness along which cracks propagate during the test; the latter are not included 470 
in the initial numerical model and could have reduced the accuracy of the numerical cracks. 471 
6 CONCLUDING REMARKS 472 
The paper presents numerical and experimental results on the effects of new openings in masonry shear 473 
walls subjected to in-plane loading. The following outcomes can be drawn: 474 
• New openings in existing walls may have a significant impact on wall behaviour when submitted 475 
to in-plane forces. In case of large openings (such as doors), the wall’s resisting area is considerably 476 
reduced; therefore, the wall’s horizontal stiffness decays and, depending on the position of the 477 
opening inside the building, the remaining shear walls might be subjected to larger in-plane forces. 478 
Furthermore, the new piers of the walls with openings might experience larger displacements and 479 
brittle failure with respect to the original configuration. 480 
• According to the numerical models, based on the Total Strain Fixed Crack Model (TSFCM), the 481 
loss in lateral strength is proportional to the opening area. The percentage of loss in strength is 482 
approximately 1.5 to 2.0 times the opening area (as a percentage of the initial wall). A similar 483 
proportion is observed for the loss in stiffness, which is about 2.1 to 2.5 times the opening area. 484 
However, the opening width can have a higher impact on the wall response, with respect to the 485 
opening depth. 486 
• Experimental results from a wall with an opening confirmed the expected predictions since the 487 
initial stiffness decreased by about 45% and the peak load by about 22% (with respect to a solid 488 
wall). However, the peak load of the wall with the opening is greater than that of the solid wall 489 
tested in a previous research (Facconi et al., 2015). It should be noted that the two walls present 490 
different mechanical properties; in fact, the two walls were built with different batches of bricks 491 
and mortar. Furthermore, the contribution of the presented lintel in coupling the piers was also 492 
noticeable. 493 
• On site operations to make the new wall may provoke some cracks in the wall due to the stress 494 
deviation and redistribution; therefore, on-site operations should be properly planned in order to 495 
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limit the formation of new cracks. Similarly, laboratory experiments are more representative of a 496 
real situation if the new opening is made in the wall under vertical loads, as done in the present 497 
research study. 498 
• Cracks that developed during on-site operations may influence the response of the seismic perfor-499 
mance of the wall due pre-existing planes of weaknesses (such as the initial horizontal crack). 500 
• The experimental crack patterns of the walls tested suggest that the original wall experienced mixed 501 
flexural and shear diagonal behaviour while the wall with a new door mainly experienced a flexural 502 
behaviour of the lateral piers, separated by the new wallshear cracks in the spandrel, sliding at mid-503 
height of Pier 2 and moderate shear-damage in the pier 2. 504 
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Figure 8. Numerical monotonic load-displacement curves. 591 
Figure 9. a-d) In-plane principal stresses (S) and strains (E) in models dedicated to evaluate the influence 592 
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Figure 13. a) Vertical load set-up and grinding disk used for cutting-out, b) temporary props used as 597 
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Figure 14. a) Arching actions on masonry due to vertical load and b) schematization of bed-joint crack 599 
observed after the perforation process (approximate crack width=1 mm). 600 
Figure 15. a) Final view of specimen PW+L(dc) after the steel lintel was introduced and b-c) cracks 601 
observed after the perforation process. 602 
Figure 16. Front view and side view of test setup. 603 
Figure 17. Loading history. 604 
Figure 18. Lateral Load-Displacement hysteresis for wall specimen PW+L(dc). 605 
Figure 19. Experimental cracking patterns on specimen PW+L(dc), a) at  =1.00 mm and b-c) at the end 606 
of the test with two possible mechanisms of collapse, d) measured shear deformation with respect to the 607 
imposed drift. 608 
Figure 20. Experimental envelopes for walls PW+L(dc) (tested in the present research) and SW-R 609 
(tested in by Facconi et al., 2015). (Herein, positive and negative loading directions are plotted in the 610 
same quadrant). Note: bed-joint crack is coloured in red (pier 2). 611 
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Figure 21. Specimen PW+L: a) Experimental cracks, Front view (note: this specific photo was taken 612 
after Phase 2, therefore only the cracks observed after Phase 1 are highlighted; b) numerical crack pattern 613 
(at =6.6 mm) and corresponding crack width. 614 
 615 
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Figure 2. Lateral load redistribution when new openings are cut from structural URM walls. 629 
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Figure 3. Geometric configurations of the walls with openings herein studied. 633 
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Figure 4. Finite element mesh of the numerical models. 638 
  639 
Table 2: Summary of masonry material properties validated for the numerical models. 640 
 641 
Young Modulus* 2700 MPa 
Compressive strength* 4.0 MPa 
Tensile strength++ 0.14 MPa 
Compressive Fracture Energy+ 5.0 N/mm 
Tensile Fracture Energy++ 0.1 N/mm 
Shear Retention Factor 0.01 
*Parameters based on the experimental tests carried out by Facconi 
(2013) and Facconi et al., 2015. 
+50 times the tensile fracture energy, as suggested in Diana TNO Man-
ual (2016). 
++ Due to the lack of experimental data, the tensile strength and the ten-
sile fracture energy were obtained by performing numerical inverse 








Figure 5. a) Compression curve and b) tension curve used as constitutive relations. 645 
 646 
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Figure 7. Comparison of numerical and experimental crack patterns, a) Numerical cracks at  649 
=0.7 mm; b) Numerical cracks at =5.26 mm; c) Experimental Cracks at 5 mm (Facconi et al., 650 





































































































Figure 9. a-d) In-plane principal stresses (S) and strains (E) in models dedicated to evaluate the 663 
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b) 
Figure 10. Numerical curves: Evaluation of eccentricity for a) Positive Load direction and b) 665 
Negative Load direction. 666 
 667 
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c) (-) Load direction 
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Figure 13. a) Vertical load set-up and grinding disk used for cutting-out, b) temporary props used 674 
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a) b) 
Figure 14. a) Arching actions on masonry due to vertical load and b) schematization of bed-joint 677 








Figure 15. (a) Final view of specimen PW+L(dc) after the steel lintel was introduced and (b-, c) 680 
cracks observed after the perforation process. 681 
 682 
 683 
Figure 16. Front view and side view of test setup. 684 
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 685 
Figure 17. Loading history. 686 
 687 
 688 
























-8 -6 -4 -2 0 2 4 6 8
V [kN]
d [mm]




Formatted: Indent: First line:  0 mm
 693 
   d) 694 
Figure 19. Experimental cracking patterns on specimen PW+L(dc), a) at  =1.00 mm and b-c) at 695 
the end of the test with two possible mechanisms of collapse, d) measured shear deformation with 696 
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698 
 699 
Figure 20. Experimental envelopes for walls PW+L(dc) and SW-R tested by Facconi et al., 2015 700 
(positive and negative loading directions are plot in the same quadrant). Note: bed-joint crack is 701 



















































Figure 21. Specimen PW+L: a) Experimental cracks, Front view (note: this specific photo was 703 
taken after Phase 2, therefore only the cracks observed after Phase 1 are highlighted; b) numerical 704 
crack pattern (at =6.6 mm) and corresponding crack width. 705 
 706 










SW-R * PW+L(dc) SW-R * PW+L(dc) 
Experimental 
(cyclic) 
(+) Load +208 +101 52 +167 +128.6 23 
(-) Load -203 -125 38 -146 -175.2 20 
Numerical 
(monotonic) 
- 229 134 41 172 133 23 
*Data retrieved from Facconi et al. (2015). 708 Formatted: Italian (Italy)
